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0 Medical device with morphology discrimination. 
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© A medical device is provided for monitoring 
waveform complexes of intracardiac electrograms. 
The intracardiac electrogram is identified by deter- 
mining, with respect to a waveform peak of the 
intracardiac electrogram, its amplitude, width and 
polarity. The identification criteria are averaged and 
stored to provide a standard complex. Subsequent 
complexes are compared to the stored standard 
complex. Such comparison includes comparing 
peaks of subsequent complexes with the peaks of a 
stored standard complex, aligning subsequent com- 
plexes with a stored standard complex, and provid- 
ing a score associated with the comparisons and 
alignment. 
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FIELD OF THE INVENTION 

The present invention concerns a novel medi- 
cal device and method for monitoring waveform 
complexes of intracardiac electrograms. 1 

BACKGROUND OF THE INVENTION 

It is very desirable to discriminate between 
normal cardiac rhythms and arrhythmias using a 
single, internally placed cardiac sensing lead. Pre- 
viously, heart rate has typically been the criterion 
used for rhythm classification. 

Using heart rate as the sole criterion for rhythm 
classification is problematic. Many physically active 
patients have heart rates during exercise that over- 
lap with their tachycardia rates. Other patients ex- 
hibit supraventricular tachycardias, the rates of 
which overlap with rates of tachycardias of ven- 
tricular origin. These supraventricular tachycardias 
are often well tolerated and require no intervention. 

When physicians classify an intracardiac 
rhythm, they examine the morphology of the elec- 
trocardiogram in addition to the heart rate. The 
shape of an intracardiac complex holds information 
on the origin and sequence of the heart's electrical 
activity. A normal intracardiac complex traverses 
the AV node and is conducted by specialized car- 
diac tissue throughout the ventricles. This results in 
a distinctive complex morphology. A tachycardia of 
ventricular origin often has a very different mor- 



phology due to its ectopic origin and conductance 
through cardiac muscle tissue. 

Sensing of the atria, in addition to the ventri- 
cles, would provide the most direct information on 

5 whether a complex was of normal or ventricular 
origin. 2 Thts requires another sensing lead and 
more complex sensing electronics. Currently avail- 
able bradycardia pacemakers sense in both cham- 
bers but do so with the added cost of an additional 

io sensing lead and device complexity. 

The use of multiple leads in the ventricles has 
been proposed. This would allow a determination of 
the ventricular activation pattern and provide more 
information on the source and sequence of ven- 

15 tricular electrical activity. 3 

The use of correlation programs to determine 
whether a complex matches a stored template has 
been proposed. This stored template is normally 
taken to be the normal intracardiac complex and a 

20 poor correlation to its shape is an indication of a 
tachyarrhythmia. These correlation programs re- 
quire large amounts of computation and are unre- 
alistic for the microprocessors and batteries used 
in today's implanted devices. 4 

25 Many template generating and comparison 

schemes have been proposed and patented. 5 Many 
of these are concerned with templates consisting of 
discrete samples of the signal's amplitude. 

It has also been suggested that examination of 

30 the slopes of the peaks within the intracardiac 
complex can be used to discriminate between nor- 



\ An intracardiac electrogram (ICEG) is the electrical activity of the heart as seen by a 
cardiac sensing lead on or in the heart. 35 



*. "Tachycardia Detection in Implantable Antitachycardia 
al. f PACE Vol. 7 November-December 1984 Part II. 
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Defibrillators 



1 "Oual Lead Fibrillation Detection for Implantable 
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* "Time Domain and Spectral Analysis of Electrograms in Man During Regular Ventricular 

Activity and Ventricular Fibrillation-. Morkrid L, Ohm O. Engedal H. IEEE Transacts on 
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\ Method and Apparatus for Comparing Waveform Shapes 
Patent Number 4.893,632. 

Electrical Cardiac Defibrillator. U.S. Patent Number 3.857.398. 
System and Method for Predicting Ventricular ^ Tachycardia 
Patent Number 4,492.235. 55 
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4,680.708. 

Electrocardiogram Monitoring Apparatus. U.S. Patent Number 
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mal and tachyarrhythmia complexes. 6 

An existing defibrillator uses a probability den- 
sity function (PDF) as an additional criterion for 
rhythm classification. This is a measure of trie time 
the heart spends at electrical rest. PDF is not 
based on the morphology of complexes. 

It is an object of the present invention to pro- 
vide an improved medical device such as a cardiac 
pacer or a cardiac defibrillator, with morphology 
discrimination. 

Another object of the present invention is to 
provide a device and method for discriminating 
between intracardiac electrical activity of supraven- 
tricular origin and intracardiac electrical activity of 
ventricular origin. 

A further object of the present invention is to 
provide a self-contained implantable medical de- 
vice for monitoring waveform complexes of in- 
tracardiac electrograms, in a highly effective and 
efficient manner. 

Other objects and advantages of the present 
invention will become apparent as the description 
proceeds. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, a 
medical device is provided for monitoring 
waveform complexes of intracardiac electrograms. 
The device comprises electrode means adapted to 
be coupled to a patient f s heart and sensing means 
having an input coupled to the electrode means for 
sensing analog intracardiac electrograms. Analog to 
digital converter means is provided for converting 
the analog intracardiac electrogram to digital form. 
Means are provided for examining the intracardiac 
electrogram. The examining means comprise 
means for determining, with respect to a waveform 
peak of the digitized intracardiac electrogram, its 
amplitude, width and polarity, to provide identifica- 
tion criteria. Means are provided for storing the 
identification criteria. 

In the illustrative embodiment, means are pro- 
vided for concluding if the examined peak is within 
the same waveform complex as the previous peak. 
The concluding means comprise means for deter- 
mining whether the examined peak occurred within 
a predetermined time after the occurrence of a 
previously-identified peak, determining whether the 
examined peak occurred within a predetermined 
time after occurrence of a first identified peak of a 
new waveform complex, and determining whether a 
predetermined maximum number of peaks have 
occurred. 

In an illustrative embodiment, the storing 



means is operable to store a standard waveform 
complex. To this end, a plurality of waveform com- 
plexes is averaged to provide the standard com- 
plex. The averaging means is operable periodically, 

5 when a predetermined number of waveform com- 
plexes have occurred. Means are provided for rec- 
ognizing a significant change in the stored standard 
complex and for generating a new standard com- 
plex when a significant change has occurred. 

to In the illustrative embodiment, peaks of subse- 
quent complexes are compared with peaks of a 
standard complex. Means are provided for aligning 
subsequent complexes with a stored standard com- 
plex and there are means for providing a score 

;s associated with the comparisons and alignment. 
The aligning means comprises means for determin- 
ing maximum peaks for each complex, means for 
matching the polarities of the maximum peaks, and 
means for aligning (a) the dominant part of the 

20 complex having fewer peaks with (b) the dominant 
part of the complex having more peaks. 

In the illustrative embodiment, the scoring that 
is provided has values that are indicative of the 
similarity or dissimilarity of the compared peaks. 

25 Further, the scoring has values that are indicative 
of the nature of the compared peaks. 

A more detailed explanation of the invention is 
provided in the following description and claims, 
and is illustrated in the accompanying drawings. 

30 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 ts a diagram of a typical QRS complex 
from an intracardiac electrogram. 
3S Fig. 2 is a block diagram of an implantable 

medical device constructed in accordance with the 
principles of the present invention. 

Figs. 3A and 3B. when connected together, are 
a flow chart describing the capture of waveform 
40 complexes. 

Figs. 4A-4D, when connected together, are a 
flow chart describing the alignment of waveform 
complexes. 

Figs. 5A and SB. when connected together, are 
45 a flow chart describing the comparison of waveform 
complexes. 

Fig. 6 is a flow chart describing the generation 
and maintenance of the standard complex. 

5<? DESCRIPTION OF THE PREFERRED EMBODI- 
MENT 

The present invention is able to extract fea- 
tures from the intracardiac electrogram. Referring 
55 to Fig. 1. each intracardiac complex comprises a 



"Detection of Pathological Tachycardia by Analysis of Electrogram 
DW.. Wainwright RJ, et al., PACE Vol. 9 March- April 1986. 
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number of peaks 1. 2. 3. 4. Each of these peaks 
has attributes associated with it that define its 
shape. Each peak has an amplitude, a polarity, and 
a width. For example, peak 2 has an amplitude of 
20. a negative polarity and a width of 4. Each 
waveform complex can be defined as a series of 
peaks having an amplitude, a polarity and a width. 

A block diagram of a self-contained implantable 
defibrillator according to the system of the inven- 
tion is illustrated in Fig. 2. Referring to Fig. 2. the 
microprocessor 10 has a conventional architecture 
comprising a CPU 12, A ROM 14, and RAM 16. 
The ROM 14 contains the program code that deter- 
mines the operation of the device. The RAM 16 is 
used to store values which modify the operating 
characteristics of the device and working values 
needed to carry out the programs. Standard and 
subject complexes are also stored in the RAM 16 
by the CPU 12. The CPU 12 performs the logical 
operations directed by the program code in the 
ROM 14. 

Integrated circuit 18 is a microprocessor pe- 
ripheral and provides sensing, digitization, 
waveform analysis, and timing functions. Electrog- 
ram sensing circuitry 20. including an amplifier and 
filter, interfaces with the ventricle of the heart 22 
through line 24. This section amplifies and filters 
the sensed electrogram. The analog to digital con- 
verter 26 converts the analog waveforms from 
sensing circuitry 20 to digital values representing 
the amplitude of the analog signals. The waveform 
analysis circuits 28 extract peak amplitude, peak 
polarity and peak width information from the digitiz- 
ed data stream. The microprocessor 10 uses this 
information to discriminate arrhythmias from normal 
sinus rhythm. The waveform analyzer 28 incor- 
porates an amplifier which can be controlled by the 
microprocessor 10. Different gain settings are used 
to keep the intracardiac electrogram within a useful 
amplitude range, in accordance with the invention 
disclosed in Carroll and Pless U.S. Patent No. 
4,972.835, issued November 27. 1990. 

Microprocessor 10 is able to set two threshold 
values (an upper and a lower threshold) within the 
waveform analyzer 28. These threshold values are 
amplitudes against which the digitized intracardiac 
electrocardiogram is compared. 

Microprocessor 10 can read registers 28a, 28b 
and 28c within the waveform analyzer 28 whh i 
contain information about the most recently en- 
countered peak. These registers 28a. 28b and 28c 
provide the data needed to characterize each peak. 
There are two width registers 28a and 28b avail- 
able for CPU 12 to read. One width register 28a 
contains the number of milliseconds that the peak 
spent above the upper threshold, the other width 
register 28b contains the number of milliseconds 
spent above the lower threshold. There is a peak 



amplitude register 28c available for reading. The 
peak amplitude register 28c contains the peak am- 
plitude seen for that peak so far. The peak am- 
plitude register 28c also contains a sign bit which 
5 indicates the polarity of the peak. 

Microprocessor 10 also selects the events 
which cause the microprocessor to begin execution 
of the ROM program. These events include the 
crossing of the two thresholds in the upward and 
70 downward directions (e.g. leading edge (upward) 
crossing of the lower threshold, trailing edge 
(downward) crossing of the upper threshold) and 
timeout of CPU initiated timers. 

A detailed description of a representative 
75 waveform analyzer 28 can be found in Pless and 
Carroll U.S. patent application Serial No. 354.138, 
filed May 19, 1989. now U.S. Patent No. 5,014,701. 
The disclosure of application Serial No. 354,138 is 
incorporated herein by reference. 
20 An intracardiac complex is said to occur when 

the upper threshold in the waveform analyzer 28 is 
exceeded. Lower threshold peaks which are a part 
of that complex can occur before and after the 
upper threshold crossing. AH of these lower thresh- 
es old peaks must be captured as well. This is accom- 
plished by executing a ROM program at every 
trailing edge crossing of the lower threshold. The 
data characterizing that peak (amplitude, polarity, 
and width) can then be read and stored. 
30 Ensuing peaks must occur within a prescribed 

time window to be considered members of the 
same complex. This time window is externally vari- 
able and has a nominal value of 80 milliseconds. If 
a peak is captured outside this window it is 
35 deemed to be part of a different complex. For each 
complex there is a time limit and a limit on the 
number of peaks allowed. The time limit is exter- 
nally variable and will nominally consist of a win- 
dow extending 100 to 200 milliseconds from the 
40 first detected peak. Capturing of peaks is also 
terminated when data for some number (5 is used 
through this application as an example) of peaks 
has been stored (whether or not the allowed com- 
plex time limit has been reached). 
45 After ail peaks of a complex have been cap- 
tured, it is either used for maintenance of the 
standard or it is comp >d against the standard 
and scored. A flow c A describing the inden- 
tification and capture . - a complex is shown in 

so Figures 3A-3B. 

While the microprr.oessor determines that the 
heart is in a normal rhythm, it generates and main- 
tains a standard of an intracardiac complex. This 
standard changes over time to adapt to natural 
55 physiological changes that occur in the heart. This 
standard is an averaged characterization of a num- 
ber of normal intracardiac complexes. 

A heart is defined to be in normal rhythm when 
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a running average of the intervals between each 
complex is above a threshold value. This insures 
that the heart has been beating slowly for the last 
few beats and is not in a tachycardia or exercise 
situation. 5 

A number of complexes are averaged together 
to produce the standard. There must be high con- 
fidence that each complex averaged into the stan- 
dard is a normal intracardiac complex. The interval 
preceding that complex must not be a short interval w 
and the current diagnosis must be normal. A new 
standard is produced every few intervals (e.g. 10- 
50). When the device is operating with variable 
gain (controlled by the waveform analyzer's am- 
plifier), all complexes incorporated into the stan- is 
dard complex must have been acquired at the 
same gain setting. 

The microprocessor recognizes when there has 
been an abrupt change in the normal rhythm and 
declares the standard to be invalid for the time it 20 
takes to generate a new standard. Figure 6 pro- 
vides a more detailed description of the standard 
complex maintenance program. 

When rhythm classification is needed for a 
series of complexes, updating of the standard is 25 
terminated and comparison of the subject com- 
plexes to the standard complex is begun. 

If the standard complex declares itself to be 
invalid, then no comparisons are performed, no 
scores are produced, and the program desiring the 30 
result of these comparisons is notified. If the stan- 
dard complex is good, comparison is begun. 

Comparison of two complexes is accomplished 
in three stages. In the first stage the gain setting of 
the subject complex is checked against the gain 35 
setting of the standard complex. If they differ, the 
comparison process is terminated and the subject 
complex is assigned a score of zero. The second 
step adjusts the complexes so their major peaks 
are aligned. A peak-by-peak comparison is then 40 
done to produce a score which reflects the similar- 
ity of the subject complex to the standard complex. 

Alignment of complexes is based upon the 
number and polarity of peaks above the upper 
threshold (called Upeaks below) for each complex. 45 
The program used for alignment assumes that: (1) 
Peaks within a complex grow in size until a domi- 
nant peak (or 2 peaks) is reached and then de- 
crease in size; (2) subsequent peaks have oppos- 
ing polarities; and (3) no non-Upeak exists between 50 
2 Upeaks (big-small-big is not allowed). The pro- 
gram to align the complexes is shown in Figures 
4A-40. The program attempts to match the polarit- 
ies of the Upeaks in each complex and, if the 
number of Upeaks differ, to place the dominant 55 
peak of the complex with fewer peaks in the center 
of the Upeaks of the complex with more peaks. 

The result of the alignment process is a pointer 



to the peak of the subject complex where compari- 
son is to begin. Comparison is always started at 
the first peak of the standard complex. The score 
for the subject complex is set to zero, initially. 
Each peak in the standard complex is compared to 
its equivalent peak in the subject complex. Points 
are subtracted or added to the score depending on 
the significance of the peaks compared and how 
well they match. Care is taken to handle peaks of 
either complex which have no equivalents. 

For example, peaks of opposing polarities draw 
a 5 point penalty minimum. If either of these two 
peaks are Upeaks. 3 more points are subtracted. 
Peaks whose polarities and amplitudes match yet 
have different widths are treated less harshly. 
These peaks draw a 1 point penalty minimum, 2 
more points are subtracted if either peak is a 
Upeak. If two peaks match in all three categories a 
minimum of 2 points is awarded, 3 more points are 
added if the standard peak is a Upeak. A detailed 
description of the program is shown in Figures 5A- 
5B. 

The result of the comparison process is a 
numeric score which can range from the negative 
integers into the positive integers up to the maxi- 
mum score possible. The maximum score possible 
is the one generated when the standard complex is 
compared to itself. A negative or low score in- 
dicates a poor similarity between the standard and 
subject complex. The closer a score is to the 
maximum possible score, the closer the subject 
complex resembles the standard complex. These 
individual complex scores can be accumulated to 
produce an aggregate score for a series of com- 
plexes. 

It can be seen that a novel medical device has 
been provided for the maintenance of a standard 
complex, the capture of subject complexes, com- 
parison of subject complexes to standard com- 
plexes, and the generation of a measure of their 
similarity. 

Although an illustrative embodiment of the in- 
vention has been shown and described, it is to be 
understood that various modifications and substitu- 
tions may be made by those skilled in the art 
without departing from the novel spirit and scope of 
the present invention. 

Clafms 

1. A medical device for monitoring waveform 
complexes of intracardiac electrograms, which 
comprises: 

electrode means adapted to be coupled to 
a patient's heart; 

sensing means having an input coupled to 
said electrode means for sensing analog in- 
tracardiac electrograms; 
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analog to digital converter means for con- 
verting the analog intracardiac electrogram to 

digital form; 

means for examining the intracardiac elec- 
trogram, said examining means comprising 
means for determining, with respect to a 
waveform peak of said digitized intracardiac 
electrogram, its amplitude, width and po'arity, 
to provide identification criteria; and 

means for storing said identification cri- 
teria. 

2. A device as defined by claim 1, including 
means for concluding if the examined peak is 
within the same waveform complex as the pre- 
vious peak. 

a A device as defined by claim 2, said conclud- 
ing means comprising means for determining 
whether the examined peak occurred within a 
predetermined time after the occurrence of a 
previously identified peak. 

4. A device as defined by claim 2, said conclud- 
ing means comprising means for determining 
(a) whether the examined peak occurred within 
a predetermined time after the occurrence of a 
previously examined peak, (b) whether the ex- 
amined peak occurred within a predetermined 
time after occurrence of a first examined peak 
of a new waveform complex, ana (c) whether a 
predetermined maximum numoer of peaks 
have occurred. 

5. A device as defined by any preceding claim, 
said storing means comprising means for stor- 
ing a standard waveform complex; and further 
including means for comparing peaks of sub- 
sequent complexes with the peaks of a stored 
standard complex, means for aligning subse- 
quent complexes with a stored standard com- 
plex, and means for providing a score asso- 
ciated with the comparisons and alignment. 

6. A device as defined by claim 5, said aligning 
means comprising means for determining 
maximum peaks for each complex, means for 
matching the polarities of the maximum peaks, 
and means for aligning (a) the dominant part of 
the complex having fewer peaks with (b) the 
dominant part of the complex having more 
peaks. 

7. A self-contained implantable medical device 
for monitoring waveform complexes of intracar- 
diac electrograms, which comprises: 

electrode means adapted to be coupled to 
a patient's heart; 



sensing means having an input coupled to 
said electrode means for sensing analog in- 
tracardiac electrograms; 

analog to digital converter means for con- 
5 verting the analog intracardiac electrogram to 

digital form; 

means for examining the intracardiac elec- 
trogram, said examining means comprising 
means for determining, with respect to a 

jo waveform peak of said digitized intracardiac 

electrogram, its amplitude, width, and polarity, 
to provide identification criteria; 

means for storing said identification criteria 
to provide a standard waveform complex; and 

is means for comparing subsequent complexes 
with said stored standard complex, said com- 
parison means including means for aligning 
major peaks of said complexes and means for 
providing a score associated with the compari- 

20 son. 

8. A method for monitoring waveform complexes 
of intracardiac electrograms, which comprises 
the steps of: 

25 providing electrode means adapted for 

coupling to a patient's heart; 

sensing analog intracardiac electrograms 
from said electrode means: 

converting the analog intracardiac electro- 
30 grams to a digital format; 

examining the intracardiac electrogram, 
said examining step comprising the step of 
determining, with respect to a waveform peak 
of said digitized intracardiac electrogram, its 
35 amplitude, width and polarity, to provide iden- 

tification criteria; and storing said identification 
criteria. 

9. A method as defined by claim 8, including the 
40 step of concluding if the examined peak is 

within the same waveform complex as the pre- 
vious peak. 

10. A method as defined by claim 9. said conclud- 
45 ing step including the step of determining 

whether the examined peak occurred within a 
predetermined time after the occurrence of a 
previously-examined peak. 

so 11. A method as defined by claim 8, 9 or 10, 
including the step of averaging a plurality of 
waveform complexes to provide a standard 
complex. 

55 12. A method as defined by claim 8. 9. 10 or 11, 
in which the storing step comprises the step of 
storing a standard waveform complex. 
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13. A method as defined by claim 12. including 
the steps of comparing peaks of subsequent 
complexes with peaks of a. stored standard 
complex, aligping subsequent complexes with 

a stored standard complex, and providing a s 
score associated with the comparisons and 
alignment. 

14. A method as defined by claim 13, said align- 
ment step including the steps of determining 10 
maximum peaks for each complex, matching 

the polarities of the maximum peaks, and 
aligning (a) the dominant part of the complex 
having fewer peaks with (b) the dominant part 
of the complex having more peaks. '5 
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1 

WAIT FOR A TRAILING EDGE 
CROSSING OF THE LOWER 
THRESHOLD 









HAS THE MAXIMUM PEAK TO PEAK TIME ELAPSED 
SINCE THE LAST THRESHOLO CROSSING AND IS 
COMPLEX_DETECTED= 

FALSE? 



YES 



RESET POINTER TO FIRST PEAK OF COMPLEX OATA STORE 
lie. start storing peak data at beginning of complex) 



YES 




HAVE THE MAXIMUM NUMBER 
OF PEAKS BEEN STORED ? 






NO 


3 

READ PEAK AMPLITUDE, POLARITY AND WIDTH FOR THIS 
PEAK ; STORE PEAK DATA IN COMPLEX DATA STORE AT 

POINTER 






ADVANCE POINTER TO NEXT PI 
INITIALIZE PEAKS AMPLITUDE " 

peaks in comi 


EAK IN COMPLEX DATA STORE; 
fO ZERO (signifies end of 
3lex) 




Fig. 3A 
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NO 



YES 





DID THE PEAK S AMPUTUOE EXCEED THE UPPER 

THRESHOLD 




YES 




8 

IS COMPLEX_OETECTED = TRUE ? 





NO 


9 

READ TIME ELAPSED SINCE LAST COMPLEX (this is the 
interval); RESET TIMER TO MEASURE THE NEXT 

INTERVAL 

j 







10 

COMPLEXJDETECTED = TRUE 
START COMPLEX TIMER (timeout Initiates use of complex to 
maintain standard or compare against standard) 




Fig. 3B 
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32 

START 



INITIAUZE SUBJECT COMPLEX POINTER 

SUB POS=0 



2 

NUM_STO__PEAKS = NUMBER OF PEAKS IN THE 
STANDARD COMPLEX WHICH EXCEED THE UPPER 
THRESHOLD (# of Upeaks) 



3 

NUM_SUB_PEAKS = NUMBER OF PEAKS IN THE SUBJECT 
COMPLEX WHICH EXCEED THE UPPER THRESHOLD 

(# of Upeaks) 



FIRST_STD_PEAK = POSITION, WITHIN THE STANDARD 
COMPLEX, OF THE FIRST PEAK TO EXCEED THE UPPER 

THRESHOLD 



_J • 

5 

FIRST SUB PEAK = POSITION, WITHIN THE SUBJECT 
COMPLEX, OF THE FIRST PEAK TO EXCEEO THE UPPER 

THRESHOLD 
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POLARITY OF FIRST_STO _PEAK = POLARITY OF 

FIRST SUB_PEAK? 





12 

RRST_STO_PEAK = 0? 




NO 



YES 



13 

SUB_POS = FIRST_SUB_PEAK - { FIRST_STD_PEAK + 1 ) 



NO 





YES 

■ 


10 

SUELPOS = FIRST_SUB_PEAK - RRST_STD_PEAK 







SUB_POS = 



1 

14 

(FIRST_SU8_PEAK + 1) 
FIRST_STD__PEAK 




Fig. 4B 
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17 \ NO 

IS (NUM_STD_PEAKS = 3) ANO 
|NUM_SUB_PEAKS = 1 ) ? 




YES 



18 

SUB POS= FIRST_SUB_PEAK-(FIRST_STD 
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